Introduction
============

On-site detection for rapid initial examination regarding possible virus infection is critical in preventing serious contagions. Accordingly, there has been an increase in the development of sensitive biosensor systems that include electrical, optical, and magnetic-based mechanisms.[@b1-ijn-11-5497]--[@b6-ijn-11-5497] In particular, the magnetic-based sensing system is an attractive method for biosensor applications. This is possible because intrinsically biological media have low magnetic susceptibility. Consequently, the magnetic sandwich assay can achieve a high detection signal with low interferences even in a complex biological background.[@b7-ijn-11-5497]

Nuclear magnetic resonance (NMR) is a useful magnetic-based sensing technology that enables rapid, stable, and highly sensitive biomarker detection by utilizing magnetic resonance technology to detect biomarkers labeled with magnetic particles.[@b8-ijn-11-5497],[@b9-ijn-11-5497] The transverse relaxation (*R*~2~) rate of the water protons in the vicinity of the magnetic particles and the target biomarker is modified upon reacting with the magnetic particles, and this change can be detected by the NMR. The biomarkers labeled with magnetic particles exhibit a faster decay rate (larger *R*~2~) NMR signals than that of non-magnetic particle-labeled biomarkers.[@b10-ijn-11-5497]--[@b12-ijn-11-5497] The NMR-based detection technology requires minimal sample purification steps and consequently reduces sample loss. In addition, because the NMR signal is generated from the whole volume, the binding kinetics for the NMR signal is much quicker than that of surface reaction-based sensors. This allows the NMR assay the advantage of obtaining a rapid sensing signal at a faster pace. Naturally, the NMR signal is directly relevant to the magnetic particles. Because magnetic particles with a higher *R*~2~ rate can improve the detection sensitivity in NMR-based sensing, developing a magnetic NMR agent that exhibits a higher *R*~2~ rate is imperative in achieving maximal sensitivity in the NMR sensing.

In this study, we developed a high-performance magnetic particle to improve the NMR sensitivity and then demonstrated its feasibility as an NMR agent by conducting a detection test for the nucleoproteins of the influenza A H1N1 virus. In order to achieve this goal, we magnetically engineered Fe-nanoferrite particles (Fe-NFPs) to enhance the *R*~2~ rate. The Fe ions in tetrahedral A (T~A~) sites or octahedral B (O~B~) sites were substituted with Mn ions (Mn-NFPs) and Mn/Mg ions (MnMg-NFPs) for increased magnetization; the *R*~2~ rate of the NFPs is proportional to the magnetization (*R*~2~ ≈ *d*^2^*M*^2^; *d* represents the diameter of the nanoparticle).[@b13-ijn-11-5497]

Materials and methods
=====================

Synthesis of nanoferrites and surface modification
--------------------------------------------------

All the NFPs were synthesized using a high temperature thermal decomposition method.[@b14-ijn-11-5497],[@b15-ijn-11-5497] The metal precursors (Fe (III) acetylacetonate \[(C~5~H~8~O~2~)~3~Fe\] (\>99.9%), Mn (II) acetate tetrahydrate \[(CH~3~COO)~2~Mn~4~H~2~O\] (99.99%) and Mg acetate tetrahydrate \[(C~2~H~3~O~2~)~2~Mg~4~H~2~O\] (99.999%)) and other materials such as the surfactants (oleic acid \[C~18~H~34~O~2~\] (90%), oleylamine \[C~18~H~37~N\] (70%)), reducing agents (1,2-hexadecanediol \[CH~3~(CH~2~)~13~CH(OH)CH~2~OH\] (90%)), and solvent (benzyl ether \[C~14~H~14~O\] (99%)) were mixed and heated up to 296°C.[@b11-ijn-11-5497] The Mn and Mg cation concentration and distribution in Mn-NFPs and MnMg-NFPs were chemically controlled by adjusting the amount of the Mn and Mg precursors and the amount of the reducing agent during the synthesis process. Then, all the synthesized NFPs were rendered water soluble by coating the surface of particles with polyethylene glycol (PEG).

Water-soluble NFPs were obtained by forming a lipid layer (PEGylated lipid) with 1-myristoyl-2-hydroxy-*sn*-glycero-3-phosphocholine/1,2-dipalmitoyl-*sn*-glycero-3-phosphoethanolamine-N-(lauroyl)-polyethylene glycol 2000 (MHPC/DSPE-PEG2K). The NFPs were conjugated with influenza A H1N1 nucleoprotein antibodies. The reaction of the primary amines on the antibody with PEG-coated NFPs (NFPs\@PEG) was catalyzed by 1-ethyl-3-\[3-dimethylaminopropyl\]carbodiimide hydrochloride and sulfo-*N*-hydroxysuccinimide. More detailed protocols regarding the surface modification of NFPs and antibody conjugation with NFPs are indicated in our previous reports.[@b16-ijn-11-5497]--[@b18-ijn-11-5497]

Characterization of nanoferrites
--------------------------------

The size and size distribution of the synthesized NFPs were measured by transmission electron microscopy. The hydrodynamic diameter (*d*~H~) and polydispersity index (PDI) of the NFPs\@PEG were measured using a dynamic light scattering system. The magnetic hysteresis characteristics, including the major and minor hysteresis loops for both the non-coated (powder state) and PEG-coated (fluid state) NFPs, were investigated using a vibrating sample magnetometer. The *R*~2~ rate was measured by employing a miniaturized NMR system.[@b19-ijn-11-5497] The NMR system consists of three components, microcoils, on-board NMR electronics, and a small permanent magnet. The permanent magnet can be used to generate polarizing magnetic field, *B*~0~ =0.1--0.5 T. The concentrations of NFPs for the measurement of *R*~2~ rate were varied from 10^−2^ to 10^−11^ g/mL.

Relaxation measurement
----------------------

The biosensing performances, including sensitivity and limit-of-detection (LOD) of the NFPs, were evaluated by detecting the nucleoproteins of influenza A H1N1 virus using the miniaturized NMR system combined with the magnetic sandwich method. The H1N1 nucleoprotein and antibody to the H1N1 nucleoproteins were purchased from Sino Biological Inc. A total of 15 μL of the H1N1 nucleoprotein mixture solution was first mixed with polystyrene beads (diameter: 3 μm) conjugated with the capture antibody and incubated for 30 min at room temperature. Uncaptured H1N1 nucleoproteins were removed by washing the beads with the wash buffer. The NFPs conjugated with detection antibody were then added, and the mixture was incubated again for 20 min. The unbound NFPs were removed by washing and filtering the mixture with the wash buffer, and finally, 15 μL of phosphate-buffered saline (PBS) was added to the mixture for NMR measurement ([Scheme 1](#f5-ijn-11-5497){ref-type="fig"}). We carried out all *R*~2~ measurements at the polarizing magnetic field of *B*~0~ =0.5 T. All the measurements were done in triplicate at room temperature.

Results and discussion
======================

As the coating and dispersion status of the particles inside the fluid affects the magnetic properties, we investigated the PEG coating status for all the PEG-coated NFPs (NFPs\@PEG). All the NFPs\@PEG had a similar size, size distribution, and PDI. As can be seen in [Figure 1A--C](#f1-ijn-11-5497){ref-type="fig"}, all the NFPs\@PEG dispersed in deionized (DI) water had similar small-sized nanoferrite cores (diameter: 7--10 nm) and uniform *d*~H~ of 35.3--37.5 nm with a narrow size distribution of \~10.16% and low PDI values in the range of 1.15--1.28, indicating that the NFPs were uniformly coated with the PEG and that the NFPs\@PEG were well dispersed in DI water with minimal aggregation.

[Figure 2](#f2-ijn-11-5497){ref-type="fig"} shows the direct current (DC) magnetic hysteresis loops of the A powder state and the B fluid state of the NFPs measured at room temperature. The synthesized NFPs did not show any DC minor hysteresis at the sweeping field of ±140 Oe, indicating that all the nanoparticles synthesized in this study have a pure superparamagnetic phase ([Figure 2A](#f2-ijn-11-5497){ref-type="fig"} inset). Among all the NFPs, in particular, the MnMg-NFPs showed a higher magnetization than that of the Mn-NFPs and Fe-NFPs. This result implies that the MnMg-NFPs are magnetically softer and have a lower magnetic anisotropy (or a higher DC magnetic susceptibility, *χ*~m~) than that of the Mn-NFPs and Fe-NFPs. Considering that the preferential site of Mn^2+^ cations is the O~B~ site of Fe-NFPs, the improved magnetization of Mn-NFPs is physically thought to be due to the possible substitution of Fe^2+^ cations with 4 μ~B~ (Bohr magneton) in the O~B~ sites by Mn^2+^ cations with 5 μ~B~ during the synthesis process ([Figure 2C](#f2-ijn-11-5497){ref-type="fig"}).

In the case of the MnMg-NFPs, where the preference site of Mg^2+^ cations is the T~A~ site, the Mg^2+^ cations (μ~B~ =0) replace the Fe^2+^ cations in the T~A~ site of Mn-NFPs, and as a result, the magnetic moment of the MnMg-NFPs increases (6.2 μ~B~, total net μ~B~ = μ~B~ \[O~B~ site\] − μ~B~ \[T~A~ site\]). The fluid state NFPs\@PEG ([Figure 2B](#f2-ijn-11-5497){ref-type="fig"}) also retains the superparamagnetic phase and stable DC magnetic hysteresis loops. This is due to the superior PEG coating status, which allows for a more uniform anti-body conjugation to the NFPs\@PEG without spontaneous magnetic aggregation.[@b20-ijn-11-5497],[@b21-ijn-11-5497]

The *R*~2~ characteristic of each NFPs\@PEG was measured using the miniaturized NMR system in a magnetic field *B*~0~ (0.5 T) to evaluate the feasibility as an NMR agent for the detection of H1N1 nucleoproteins. In order to measure the *R*~2~ rate, Fe-NFPs\@PEG, Mn-NFPs\@PEG, and MnMg-NFPs\@PEG were dispersed in DI water. The concentration of the NFPs\@PEG dispersed in DI water varied from 5×10^−2^ g/mL to 5×10^−10^ g/mL. [Figure 3](#f3-ijn-11-5497){ref-type="fig"} shows the *R*~2~ values for the three NFPs\@PEGs at various concentrations. The observed *R*~2~ values increased as the concentration increased, and the MnMg-NFPs\@PEG exhibited the highest *R*~2~ value among the different NFPs\@PEGs.

Considering the fact that the *R*~2~ is proportional to magnetization (*R*~2~ ≈ *d*^2^*M*^2^), the highest *R*~2~ value of the MnMg-NFPs\@PEG is thought to be due to the highly improved magnetization caused by engineering the cation concentration and distribution in the NFPs. This result demonstrates that the MnMg-NFPs\@PEG is high enough to be considered as an NMR agent.

In order to demonstrate the applicability of the engineered NFPs as an NMR agent, we used the MnMg-NFPs\@PEG and the Fe-NFPs\@PEG to detect H1N1 nucleoproteins in a miniaturized NMR system. [Figure 4A](#f4-ijn-11-5497){ref-type="fig"} shows the miniaturized NMR system and representative NMR signal (T2 time of MnMg-NFPs\@PEG). [Figure 4B](#f4-ijn-11-5497){ref-type="fig"} exhibits the H1N1 nucleoprotein detection ability (Δ*R*~2~ = *R*~2,P-beads\ +\ H1N1\ +\ NFPs~ − *R*~2,P-beads~) of the MnMg-NFPs\@PEG and Fe-NFPs\@PEG. Both NFPs\@PEGs successfully detected the amount of H1N1 nucleoprotein with a low error range of \<4.5%. The H1N1 nucleoproteins bound to a polystyrene bead can be a cause of the aggregation of NFPs and the corresponding increase in the *R*~2~ rate.

As can be clearly seen in the result, the MnMg-NFPs@ PEG showed a significantly higher Δ*R*~2~, a wider dynamic range, and a lower LOD than those of Fe-NFPs\@PEG. The MnMg-NFPs\@PEG showed a Δ*R*~2~ of 0.501 s^−1^(g/mL)^−1^ with an LOD of 1×10^−9^ g/mL, while the Fe-NFPs exhibited a Δ*R*~2~ of 0.329 s^−1^(g/mL)^−1^ with an LOD of 1×10^−7^ g/mL. All the results strongly demonstrate that the magnetically engineered MnMg-NFPs have the potential to be a promising NMR agent for the detection of viral biomarkers with high sensitivity and stability.

Conclusion
==========

We developed the magnetically engineered MnMg-NFPs for application as an NMR agent to detect infectious viruses. The Mn and Mg cation concentration and distribution in the MnMg-NFPs were chemically controlled during the Fe-NFP synthesis to improve the magnetization of spinel-structured NFPs. As a result, the MnMg-NFPs showed the highest magnetization value among the prepared NFPs, as well as a correspondingly improved *R*~2~ rate. The potential of the MnMg-NFPs as an NMR agent was demonstrated by conducting the H1N1 nucleoprotein detection test. The MnMg-NFPs successfully detected a tiny amount of H1N1 nucleoproteins in PBS with a stable and high *R*~2~ rate (high sensitivity).
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![(**A**) Sizes of synthesized NFPs measured by TEM, (**B**) size distribution, and (**C**) hydrodynamic diameter and PDI of the PEG-coated NFPs characterized by a DLS system.\
**Abbreviations:** NFP, nanoferrite particle; TEM, transmission electron microscopy; PDI, polydispersity index; PEG, polyethylene glycol; DLS, dynamic light scattering.](ijn-11-5497Fig1){#f1-ijn-11-5497}

![Major and minor magnetic hysteresis loops of the prepared NFPs measured in the (**A**) powder state and (**B**) fluid state. (**C**) Schematic illustrations to express the magnetic moment of the NFPs depending on the cation concentration and distribution. μ~B~, Bohr magneton; T~A~, tetrahedral A site; O~B~, octahedral B sites.\
**Abbreviations:** NFP, nanoferrite particle; PEG, polyethylene glycol.](ijn-11-5497Fig2){#f2-ijn-11-5497}

![Transverse relaxation (*R*~2~) rate of all the NFPs\@PEG depending on the concentration.\
**Note:** The *R*~2~ rate was measured by the miniaturized NMR system.\
**Abbreviations:** NFP, nanoferrite particle; PEG, polyethylene glycol; NMR, nuclear magnetic resonance.](ijn-11-5497Fig3){#f3-ijn-11-5497}

![(**A**) Miniaturized NMR system and representative measured NMR signal (T2 time). (**B**) Detection results of influenza A H1N1 nucleoprotein using the miniaturized NMR system with MnMg-NFPs\@PEG and Fe-NFPs\@PEG. The MnMg-NFPs\@PEG and Fe-NFPs\@PEG are conjugated with the detection antibodies and used as an NMR agent. The polystyrene bead is conjugated with the capture antibodies.\
**Abbreviations:** NMR, nuclear magnetic resonance; NFP, nanoferrite particle; PEG, polyethylene glycol.](ijn-11-5497Fig4){#f4-ijn-11-5497}

![Schematic illustration to show the detecting procedure for the influenza A H1N1 nucleoprotein using the miniaturized NMR system.\
**Abbreviations:** NMR, nuclear magnetic resonance; NFP, nanoferrite particle; PBS, phosphate-buffered saline.](ijn-11-5497Fig5){#f5-ijn-11-5497}
